In response to rapid environmental change, organisms rely on both genetic 32 adaptation and phenotypic plasticity to adjust key traits that are necessary for survival and 33 reproduction. Given the accelerating rate of climate change, plasticity may be particularly 34 important. For organisms in warming aquatic habitats, upper thermal tolerance is likely to 35 be a key trait, and many organisms express plasticity in this trait in response to 36 developmental or adulthood temperatures. Although plasticity at one life stage may 37 influence plasticity at another life stage, relatively little is known about these interactive 38 effects for thermal tolerance. Here we used locally adapted populations of the intertidal 39 copepod Tigriopus californicus to investigate these interactions in a marine ectotherm. 40
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Introduction 53
As the earth warms, organisms are increasingly impacted by the effects of high 54 environmental temperatures (e.g., Wiens, 2016; Cohen et al., 2018; Pinsky et al., 2019) . 55
Indeed, the geographic range limits of many species have already shifted as a result of 56 anthropogenic climate change, and in general these shifts have been towards the poles 57 (i.e., to cooler temperatures; e.g., Parmesan trait is thought to be limited (although only relatively short acclimation periods have been 119 examined [e.g., 1 d]; Pereira et al., 2017) . Taken together with short generations and ease 120 of laboratory culture, these observations make T. calfornicus an ideal study system in 121 which to investigate interactive effects of plasticity at different life stages in an aquatic 122 ectotherm. 123
In the current study, we use laboratory-raised 
Critical thermal maximum variation among populations 157
Upper thermal tolerance was measured by critical thermal maximum (CT max ) 158 trials using loss of locomotor performance as the assay endpoint (as in Harada et al., 159 2019). In brief, sixteen adult copepods of each population (8 females and 8 males for all 160 populations; divided across five trials) were transferred to 10-cm petri dishes containing 161 filtered seawater (20°C and 36 ppt) with no food overnight. In the morning, copepods 162 were individually transferred into 0.2-mL strip tubes with 100 µL of water from the petri 163 dish. Tubes were left uncapped, and were placed in an Applied Biosystems SimpliAmp™ 164 Thermal Cycler (Thermo Fisher Scientific, Waltham, MA). After 5 min at 20°C, the 165 temperature was increased using the AutoDelta function at rates of 0.1°C per 20 s from 166 20 to 32°C, and 0.1°C per min from 32°C to the temperature at which the last individual 167 in the trial lost locomotor performance. Loss of performance (i.e., knockdown) was 168 monitored by cycling 40 µL of water in each tube with a pipettor. Typically this 169 procedure results in erratic swimming behaviour in T. californicus; however, at extremely 170 high temperatures, this swimming response ceases, and copepods passively sink to the 171 bottom of their tube. Endpoints were determined when an individual did not respond to 172 three sequential tests with the pipettor, and CT max was recorded as the temperature at 173 which the endpoint was observed. After CT max was determined, copepods were returned 174 to 10-cm petri dishes with 20°C filtered seawater (36 ppt) for recovery, and survivorship 175 was >90%. 176
Developmental and adult plasticity in critical thermal maximum 177
To assess variation in the phenotypic plasticity of upper thermal tolerance in adult 178 copepods as a result of differences in developmental temperature, gravid SD and BR 179 females with mature (i.e., red) egg sacs were removed from laboratory cultures (24 180 females from 4 cultures per population). Egg sacs were dissected from the females 181 (which synchronizes hatching), placed individually in wells of 6-well plates containing 182 filtered seawater (20°C and 36 ppt), and allowed to hatch overnight. In the morning, 183 nauplii (i.e., larvae) from each egg sac were counted, and split evenly across six 184 treatments in 10-cm petri dishes. Three treatments were developed at 20°C for 14 d, and 185 three treatments were developed at 25°C for 10 d. Preliminary trials with the SD 186 population determined that these developmental times were those required for the 187 majority of individuals to reach adulthood (and to observe the first gravid female) at each 188 temperature, suggesting that the temperature coefficient (Q 10 ) of developmental rate 189 equals ~2 in this species. At the end of the developmental periods, the developmental 190 treatments at each temperature were transferred to one of three adult acclimations: 20°C 191 for 14 d, 25°C for 10 d, or 25°C for 14 d. These lengths of acclimations were chosen to 192 allow two weeks acclimation at 20°C, and comparisons between equivalent acclimations 193 using either absolute time or physiologically adjusted time at 25°C (assuming a continued 194 Q 10 of ~2 for life history traits). On the days that the adult acclimations were completed, 195 critical thermal maxima were determined as described above for 16 copepods from each 196 treatment and population. Note that individuals used in the tolerance trials were 197 transferred to fresh filtered seawater without food at their acclimation conditions on the 198 evening before the end of the acclimation treatments (i.e., the day before trials), and 199 CT max trials started from the acclimation temperatures in all cases. 200
To examine the potential for local thermal adaptation of the effects of 201 developmental temperature on adult thermal tolerance plasticity, we performed a second 202 experiment beginning with gravid females from the SC and PE populations. This 203 experiment was conducted as described above for the SD and BR populations; however, 204 the 25°C 10 d adult acclimation treatments were excluded, meaning egg sacs for each 205 population were split across four treatments in total (i.e., 20°C development and 206 adulthood; 20°C development and 25°C adulthood; 25°C development and 20°C 207 adulthood; 25°C development and adulthood). Again, CT max was determined for 16 208 copepods for all treatments except the PE 25°C development and 25°C adulthood 209 treatment for which n = 15. 210
Plasticity of ATP synthesis rate thermal sensitivity 211
To determine phenotypic plasticity of the thermal performance curve for ATP 212 synthesis rate associated with differences in developmental temperature, gravid SD and 213 BR females carrying mature egg sacs (60 per population) were transferred from 214 laboratory cultures to 10-cm petri dishes (6 per population) containing ~60 mL of filtered 215 seawater (20°C and 36 ppt) with food. The egg sacs from the majority of these females 216 (6-10 per plate) hatched overnight. All females were removed in the morning; egg sacs 217 that were still carried by females were dissected free and returned to their respective 218 dishes. Dissected egg sacs hatched within 3 h, and once all egg sacs had hatched, three 219 petri dishes for each population were transferred to 25°C. As described above, juveniles 220 in the 20 or 25°C dishes developed for 14 or 10 d, respectively. All dishes were kept at 221 their developmental temperatures for adult acclimations, which were also 14 or 10 d at 20 222 or 25°C, respectively. were held at their acclimation temperatures in 10-cm petri dishes with filtered seawater 227 (36 ppt) and no food overnight. In the morning, the groups of copepods were rinsed with 228 200 µL homogenization buffer (400 mM sucrose, 100 mM KCl, 70 mM HEPES, 6mM 229 EGTA, 3 mM EDTA, 1% w/v BSA, pH 7.6), which had been chilled on ice. Each group 230 was transferred to a 2-mL glass teflon homogenizer, and homogenized in 800 µL of fresh 231 buffer. Following homogenization, mitochondria were isolated by differential 232 centrifugation in 1.5 mL microcentrifuge tubes (Eppendorf, Hamburg, Germany). First, 233 the tubes were centrifuged at 4°C and 1,000 g for 5 min, and supernatants were 234 transferred to fresh tubes. Second, the new tubes were centrifuged at 4°C and 11,000 g 235 for 10 min. The resulting supernatants were discarded, and mitochondrial pellets were 236 resuspended in 205 µL assay buffer (560 mM sucrose, 100 mM KCl, 70 mM HEPES, 10 237 mM KH 2 PO 4 , pH 7.6). Isolated mitochondria were divided into eight 25-µL aliquots: 6 238 for synthesis reactions (1 per temperature), 1 for initial ATP concentration determination, 239 and 1 for measuring DNA content which was used to normalize ATP synthesis rate. DNA 240 content was assayed with Invitrogen™ Quant-iT™ PicoGreen™ dsDNA reagent 241 following the manufacturer's protocols (Thermo Fisher Scientific, Waltham, MA). 242 ATP synthesis reactions were conducted in 0.2-µL strip tubes, and were initiated 243 by adding 5 µL of a saturating substrate cocktail (final assay substrate concentrations 5 244 mM pyruvate, 2 mM malate, 10 mM succinate and 1 mM ADP in assay buffer), resulting 245 in election donation to both complex I and complex II (CI+II) of the electron transport 246 system. Following substrate addition, tubes were immediately transferred to an Applied 247 Biosystems SimpliAmp™ Thermal Cycler (Thermo Fisher Scientific, Waltham, MA), 248 and incubated at the desired assays temperatures for 10 min. At the end of the reactions, 249 25 µL of each assay was added to 25 µL of CellTiter-Glo (Promega, Madison, WI), 250 which stops ATP synthesis, and is used for ATP quantification. To determine initial ATP 251 concentrations in the assays, one aliquot of each mitochondrial isolation was added to 252
CellTiter-Glo immediately following substrate addition. All assays were held in the dark 253 at room temperature for 10 min after addition of CellTiter-Glo, and then luminescence 254 was determined with a Fluoroskan Ascent® FL (Thermo Fisher Scientific, Waltham, 255 MA). ATP concentrations were calculated by comparison to a prepared standard curve (5 256 nM to 10 µM in assay buffer), and synthesis rates at each temperature were determined 257 by subtracting the initial ATP concentration from the final ATP concentrations at each 258 temperature for each mitochondrial isolation. 259
Plasticity of gene expression following heat shock 260
Variation in gene expression following heat shock as a result of differences in 261 developmental temperature was assessed using procedures similar to those of Barreto et 262 al. (2015) . Offspring from 60 SD and 60 BR females were developed and acclimated at 263 either 20 or 25°C as described above for measurements of ATP synthesis rates (with 264 separate groups of females). In the evening prior to the last day of the adult acclimations, 265 groups of 15 copepods (18 groups per population x treatment) were transferred to 15-mL 266
Falcon™ conical tubes (Thermo Fisher Scientific, Waltham, MA) containing 10 mL of 267 filtered seawater (36 ppt) with no food at the acclimation temperature of the copepods. In 268 the morning, tubes were transferred to water baths held at 35 or 36°C for 1 h (6 per 269 population x treatment at each temperature), and then returned to the acclimation 270 temperature of the copepods for 1 h. The remaining 6 tubes (per population x treatment) 271 were handled in the same manner, but remained at the acclimation temperature of the 272 copepods for the entire 2 h. At the end of all heat shock trials, copepods were frozen at -273 80°C until RNA isolation. The mRNA expression levels of heat shock protein beta 1 (hspb1), heat shock 287 protein 70 (hsp70), mitochondrially encoded ATP synthase membrane subunit 6 (mt-288 atp6) and glyceraldehyde 3-phosphate dehydrogenase (gapdh) were assessed by 289 quantitative real-time polymerase chain reaction (qRT-PCR). Primers for hspb1, hsp70 290 and gapdh for the SD population were obtained from Barreto et al. (2015) . If necessary 291 due to single nucleotide polymorphisms between the populations, equivalent primers 292 were designed for the BR population using a population-specific reference genome 293 Table 1 . 15 µL qRT-PCR reactions were 296 prepared in duplicate with 4 µL cDNA, 5 pmol of each primer, and 7.5 µL iTaq Universal 297 SYBR Green Supermix (Bio-Rad Laboratories, Inc., Hercules, CA). All reactions were 298 conducted on an AriaMx Real-time PCR System (Agilent Technologies, Inc., Santa 299 Clara, CA) with the following protocol: 95°C for 2 min, then 95°C for 10 s followed by 300 58°C for 30 s for 40 cycles. The presence of a single amplicon was confirmed by a 301 melting curve analysis after each reaction. Samples for each population were quantified 302 relative to population-specific 5-point standard curves that were included on all reaction 303 plates, and were prepared by serial dilution (1X to 1/625X) of a high-concentration heat 304 shock sample from each population. Transcript levels of hspb1, hsp70 and mt-atp6 were 305 then expressed relative to those of gapdh, which has been confirmed to be an appropriate 306 housekeeping gene for heat shock studies in T. californicus (Schoville et al., 2012; 307 Barreto et al., 2015; Harada and Burton, 2019). Final qRT-PCR sample sizes for the 308 majority of our treatments and genes were n = 6; however, for some groups n = 4 or 5 due 309 to a combination of insufficient RNA for cDNA synthesis, failed reactions as a result of 310 extremely low hspb1 expression levels under control conditions, or insufficient cDNA to 311 assess all genes (one instance resulting in no estimate for mt-atp6). As a result, the final 312 sample sizes for all qRT-PCR data are presented in detail in Table S2 . 313
Statistical analyses 314
All analyses were performed with R v3.4.0 (R Core Team, 2017) and α = 0.05. 315
Latitudinal variation in CT max across all populations failed to satisfy the assumptions for 316 parametric statistics even after log transformation. Thus, differences among populations 317 were assessed by Kruskal-Wallis analysis of variance (ANOVA) followed by Nemenyi 318 post-hoc tests. Potential effects of sex on CT max were assessed by Wilcoxon rank-sum 319 tests within each population. In contrast, variation in CT max associated with 320 developmental and adulthood temperatures met the assumptions for parametric tests in 321 both the SD and BR, and the SC and PE experiments. These data were assessed by 322 general linear models followed by ANOVAs with population, developmental 323 temperature, and adult acclimation treatment as factors. Post-hoc comparisons among 324 groups were performed with Tukey tests. After log transformation to meet assumptions of 325 normality and homogeneity of variances, variation in ATP synthesis rate was assessed 326 with a mixed-effect linear model followed by ANOVA with fixed effects of population, 327 acclimation treatment and assay temperature, and a random effect of mitochondrial 328 isolation. All interactions between factors were not significant in the initial model (p ≥ 329 0.12 for all), and were removed from the final model for this test. Planned pairwise post-330 hoc comparisons were conducted between assay temperatures within each population x 331 acclimation treatment, between acclimation treatments within each population x assay 332 temperature, and between populations within each acclimation treatment x assay 333 temperature with Student's t tests (84 comparisons). The resulting p-values were 334 corrected for multiple tests by the Benjamini-Hochberg method (Benjamini and 335 Hochberg, 1995). As an alternative method to examine variation in the thermal sensitivity 336 of ATP synthesis rate, rates were normalized to the 25°C rate within each mitochondrial 337 isolation. Variation in normalized ATP synthesis rate was assessed at assay temperatures 338 from 30 to 37°C with similar methods to those described above for the unnormalized 339 rates (although log transformation and removal of interactions among model factors were 340 not required). Finally, mRNA expression data were all log transformed to meet necessary 341 assumptions, and then differences among groups were examined by two-way ANOVAs 342 with acclimation treatment and heat shock exposure as factors followed by post-hoc 343
Tukey tests. Note comparisons of gene expression between populations were not made, 344 because the expression levels of each population were quantified relative to standard 345 curves that were population specific and for some genes the qRT-PCR primers were 346 population-specific as well (Table 1) Development at 20 or 25°C resulted in variation in CT max among SD and BR 369 copepods that was significantly affected by a three-way interaction among population, 370 developmental temperature and adult acclimation treatment (p = 0.03). These effects were 371 resolved by post-hoc tests, although there was little evidence for differential effects 372 between the populations ( Fig. 2A ). For all SD and BR copepods that developed at 20°C, 373
CT max values were similar regardless of adult acclimation temperature or time (range of 374 means: 37.9 to 38.3°C; p = 0.054 for 20°C-developed SD acclimated to 20°C for 14 d 375 versus 25°C for 10 d as adults, and p ≥ 0.22 for all other comparisons), suggesting that in 376 20°C-developed T. californicus there is no adult plasticity in upper thermal tolerance. In 377 contrast, relative to development at 20°C, development at 25°C resulted in significant 378 increases in CT max for both SD and BR when adults were also acclimated at 25°C (range 379 of means: 38.5 to 39.1°C; p ≤ 0.04 for all comparisons within populations) and these 380 effects were similar at 10 and 14 d of acclimation (p ≥ 0.16 between times for both 381 populations). These patterns are likely indicative of beneficial developmental plasticity, 382 and match expectations given the results of a previous study utilizing static tolerance 383 assays (Pereira et al., 2017) . However, if 25°C-developed SD and BR copepods were 384 acclimated at 20°C as adults, there was a significant loss of tolerance (i.e., decrease in 385 CT max ) in both populations (range of means: 37.7 to 38.1°C; p < 0.01 for all within 386 population comparisons). Thus, our results are consistent with variation in adult plasticity 387 due to differences in developmental temperature, as 20°C-developed copepods express no 388 plasticity in adulthood, whereas 25°C-developed copepods display a clear difference in 389 CT max associated with experiencing either 20 or 25°C as adults. 390
To assess the potential for local thermal adaptation (at least along the coast of 391 California) to shape the interaction between developmental and adult plasticity observed 392 in SD and BR T. californicus, we conducted a second experiment examining plasticity of 393 CT max in the SC and PE populations, which are relatively cold-adapted (see Fig. 1 ). In SC 394 and PE copepods, variation in adult CT max was unaffected by the three-way interaction 395 among population, developmental temperature and adult acclimation treatment (p = 0.60). 396
Moreover, there were no significant effects of interactions between population and either 397 developmental temperature (p = 0.83) or adult acclimation treatment (p = 0.23), or of 398 population alone (p = 0.20). However, the interactive effects of developmental 399 temperature and adult acclimation treatment significantly affected CT max (p = 9.9 x 10 -5 ). 400
Again, post-hoc comparisons resolved this effect, and suggested similar patterns of 401 variation among treatments for SC and PE as those described above for SD and BR (Fig.  402   2B ). There was no significant variation in CT max as a result of adult acclimation 403 temperature in 20°C-developed copepods from either SC or PE (means: 36.4 and 36.8°C 404 for SC, and 36.8 and 37.1°C for PE; p ≥ 0.39 between adult temperatures for both 405 populations). In contrast, development at 25°C resulted in significantly higher CT max in 406 both SC and PE copepods, but only when adults were acclimated at 25°C (means: 38.0 407 and 37.6°C for SC and PE, respectively; p ≤ 0.04 for all comparisons within populations), 408 as if 25°C-developed copepods from either population were acclimated to 20°C as adults, 409 there was a significant decrease in CT max (means: 36.7 for both SC and PE; p < 0.01 for 410 both within population comparisons). Therefore, the interactive effects of developmental 411 and adulthood temperatures in SC and PE were essentially identical to those detected for 412 SD and BR with adult plasticity observed in 25°C-, but not in 20°C-developed copepods. 413
Taken together, these results suggest (1) that interactive effects of plasticity at different 414 life stages on upper thermal tolerance are likely prevalent among populations, and (2) that 415 there is little evidence that these effects have been shaped by local thermal adaptation in 416 the four populations examined in the current study. 417
Plasticity of ATP synthesis rate 418
Maintaining T. californicus at 20 or 25°C for both development and acclimation 419 as adults resulted in significant variation in the thermal performance curve for CI+II ATP 420 synthesis rates in isolated mitochondria (Table 2) . Specifically, these curves were 421 affected by population (p = 4.4 x 10 -5 ), temperature of development and acclimation (p < 422 2.2 x 10 -16 ), and assay temperature (p < 2.2 x 10 -16 ). In all developmental and acclimation 423 treatments, synthesis rates initially increased and then decreased with increasing assay 424 temperatures (see Table 2 ), and post-hoc tests found no evidence for differences between 425 the SD and BR copepods within each treatment x assay temperature combination (q ≥ 426 0.11 for all). Yet, across all assay temperatures in both populations, 25°C development 427 and adult acclimation resulted in higher ATP synthesis rates compared to those measured 428 following development and acclimation at 20°C (q ≤ 0.046 for all). Thus, as expected 429 based on differences in CT max between these treatments ( Fig. 2A) , synthesis rates at high 430 assay temperatures were greater in copepods held at 25°C than in copepods held at 20°C. 431
Harada et al. (2019) specifically suggested that the capacity to maintain ATP 432 synthesis rates at high temperatures was correlated with variation in upper thermal 433 tolerance among populations of T. californicus, and this possible difference between 434 developmental and acclimation treatments has the potential be masked by the overall 435 vertical shift in the thermal performance curve for this trait described above (Table 2) . 436
That said, in SD copepods, rates of ATP synthesis first significantly declined with 437 temperature between assay temperatures of 30 and 33°C for the 20°C treatment (q = 7.3 x 438 10 -4 ), whereas for the 25°C treatment the first decrease occurred between assay 439 temperatures of 33 and 35°C (q = 1.7 x 10 -3 ), suggesting that copepods held at warmer 440 temperatures maintained synthesis rates at higher temperatures at least in this population. 441
As an alternative approach to examine these effects, we normalized ATP synthesis rates 442 across temperatures to those measured at 25°C within each mitochondrial isolation for 443 each developmental and acclimation treatment, which allows comparisons of the 444 proportional changes in synthesis rate with temperature across treatments (Fig. 3 ). Note 445 that this normalization could also reasonably be done to the rates measured at 20°C, but 446 the results would be similar, and 25°C is a slightly more conservative choice for 447 assessing differences at high temperature (see Fig. 3 ). After normalization, proportional 448 changes in rates of ATP synthesis were affected by a three-way interaction among 449 population, temperature of development and adult acclimation, and assay temperature (p 450 = 0.02). Post-hoc comparisons revealed similar patterns of variation among assay 451 temperatures as those detected for the unnormalized rates (as would be expected), and 452 when assayed at 37°C 20°C-developed and -acclimated SD copepods maintained higher 453 synthesis rates than 20°C-developed and -acclimated BR copepods (q = 0.03). 454
Additionally, at high assay temperatures both populations maintained greater rates of 455 ATP synthesis when they were held at 25°C than when they were held at 20°C (assay 456 temperatures: 33 to 37°C for SD and 37°C for BR; q ≤ 5.5 x 10 -3 for all SD and q = 0.02 457 for BR). Therefore, taken together our results suggest that development and adult 458 acclimation at warmer temperatures in T. californicus, which result in increased CT max 459 (Fig. 2) , also result in maintenance of ATP synthesis rates at higher temperatures. 460
Plasticity of gene expression following heat shock 461
The mRNA expression levels of both heat shock proteins examined in the current 462 study (hspb1 and hsp70) demonstrated similar effects of heat shock, and developmental 463 and adult acclimation temperature regardless of population (SD or BR; Fig. 4 ). In all 464 cases, gene expression was affected by a significant interaction between the temperature 465 of development and acclimation, and the heat shock exposure (p = 0.04 for hsp70 in SD, 466 and p ≤ 5.4 x 10 -3 for all others). In general, copepods held at 25°C expressed higher 467 levels of hspb1 and hsp70 than copepods held at 20°C, particularly after heat shock, 468 although these patterns were not always resolved by post-hoc tests (see Fig. 4 ). However, 469 overall these results suggest that warmer developmental and adult acclimation 470 temperatures result in greater induction of heat shock protein expression during acute 471 exposures to elevated temperatures in T. californicus, which is consistent with the 472 difference in CT max between development and acclimation at 20 or 25°C in this species 473 ( Fig. 2) . 474
Given the potential role of mitochondrial performance in determining upper 475 thermal tolerance (e.g., Harada et al., 2019) and a previous demonstration of decreased 476 mitochondrial-encoded mRNA levels following heat shock in T. californicus (Schoville 477 et al., 2012) , we also examined variation in the expression of a mitochondrial-encoded 478
transcript. In the current study, there were interactive effects of developmental and adult 479 acclimation temperature, and heat shock exposure on the mRNA expression of mt-atp6 in 480 both the SD and BR population (p ≤ 0.02; Table 3 ). In SD copepods, mt-atp6 levels were 481 similar in control and 35°C-exposed animals, regardless of the temperature of 482 development and acclimation (p = 1.00 for both). However, within both treatments 483 expression levels were significantly higher in copepods developed and acclimated at 484 25°C than in those developed and acclimated at 20°C (p < 0.001 for both). In contrast, in 485 SD copepods that had been held at 20°C, heat shock at 36°C increased mt-atp6 486 expression (p ≤ 0.02), whereas in those that had been held at 25°C, the same exposure 487 decreased mt-atp6 expression (p < 0.001 for both). As a result, there was no effect of the 488 temperature experienced throughout development and adulthood on mt-atp6 mRNA 489 levels in the 36°C heat shock treatment (p = 0.88). In BR copepods, variation in mt-atp6 490 expression demonstrated somewhat different patterns than those observed for SD 491 copepods. For both developmental and adult acclimation temperatures, there were trends 492 for decreasing mt-atp6 mRNA levels with increasing heat shock temperatures, but these 493 patterns were only resolved in post-hoc tests in copepods developed and acclimated at 494 25°C between the control and the heat shock treatments (p < 0.001 for both; p ≥ 0.06 for 495 all others). However, mt-atp6 expression was greater in BR copepods developed and 496 acclimated at 25°C than at 20°C in the control and in both heat shock treatments (p ≤ 497 0.02). Therefore, our data suggest (1) that heat shock has complex effects on 498 mitochondrial-encoded transcript levels among populations of this species, and (2) that 499 under control conditions mt-atp6 is expressed at higher levels in T. californicus that are 500 raised and held at 25°C than those that are raised and held at 20°C (Table 3) . temperatures of 20 and 25°C. In contrast, there was no evidence of plasticity in adults 508 that had developed at 20°C. Second, differences in developmental temperatures were 509 associated with plastic changes in two physiological mechanisms that are thought to 510 contribute to the basis of local adaptation of upper thermal tolerance in this species, and 511 these effects were consistent with the differences CT max between the developmental 512 treatments. Specifically, during acute exposures to high temperatures, the extents to 513 which ATP synthesis rates were maintained and heat shock protein genes were induced 514 were greater in copepods that were developed at 25°C than in those that developed at 515 20°C. Therefore, our data not only highlight the possibility for interactive effects across 516 life stages on the plasticity of thermal tolerance in marine ectotherms, but also suggest 517 that adaptive processes have the potential to shape these interactions due to shared 518 underlying mechanisms, despite the lack of these effects observed among the four 519 populations examined in the current study. 520
Inter-population variation in CT max is consistent with local thermal adaptation 521
In general, dynamic and static tolerance assays resolve similar patterns of 522 variation among experimental groups or treatments (e.g., in thermal tolerance (for example see Fig. S1B ), although higher densities of sampling 545 locations and environmental temperature measurements would be required to test this 546 possibility in a comprehensive manner. 547
One distinct result of the current study was the lack of variation in CT max between 548 the sexes. There is an overall consensus that, in comparison to males, female T. 549 californicus are more tolerant of stressful conditions for a wide range of abiotic factors, 550 including temperature (Willett, 2010; Willett and Son, 2018; Foley et al., 2019) . 551
Insufficient statistical power due to nonparametric tests, and relatively low sex-specific 552 sample sizes (n = 8) may explain the lack of sex effects in the current study. However, no 553 population demonstrated a marginal effect of sex even if adjustments for multiple 554 comparisons were ignored, and there were also no trends supporting differences in CT max 555 between females and males (see Fig. S1C ). At least two other studies have also failed to 556 detect differences in upper thermal tolerance between the sexes (Pereira et al., 2014 (Pereira et al., , 557 2017 . It is possible that variation in culturing conditions across studies may contribute to 558 these results. Regardless, CT max was unaffected by sex in our study, and as a result we did 559 not consider variation between females and males further here. 560
Developmental temperature and adulthood plasticity in CT max 561
Across the SD, BR, SC and PE populations of T. californicus, we consistently 562 observed variation in CT max plasticity in adults as a result of temperatures experienced 563 during development. After development at 25°C, upper thermal tolerance was higher in 564 copepods acclimated to 25°C in adulthood than in copepods acclimated to 20°C, whereas 565 20°C-developed copepods displayed no difference in upper thermal limits between the 566 adult acclimation treatments. These patterns could be the result of differences in 567 reversible adult plasticity due to developmental temperatures, or of temperature-568 dependent reversibility of developmental plasticity, but in either case this phenotypic 569 variation is consistent with an interactive effects between plasticity at two life stages. To 570 our knowledge, this is the first demonstration of interactive effects between temperatures 571 in development and in later stages of life on thermal tolerance plasticity in a marine 572 ectotherm. Alternatively, these patterns could be potential consequences of differences in 573 developmental survival between 20 and 25°C as we did not directly monitor survivorship 574 in this study; however, Pereira et al. data suggest this is the case in SD and BR copepods held at 20 or 25°C. Overall, T. 651 californicus that were held at 25°C had greater ATP synthesis rates than those that were 652 held at 20°C in both populations, which was consistent with higher expression levels of 653 mt-atp6 at 25°C compared to 20°C in animals under control (i.e., non-heat shocked) 654 conditions. Additionally, 25°C copepods maintained their ATP synthesis rates to a 655 greater extent at high temperatures than 20°C copepods, which is consistent with 656 difference in CT max between these treatments. whereas in the current study we raised groups of copepods specifically for these 665 measurements in 10-cm petri dishes. Regardless, with the exception of temperature, our 666 20 and 25°C treatments were held under equivalent conditions, and therefore the 667 difference in high-temperature maintenance of ATP synthesis rates between these 668 treatments is likely robust to any variation in thermal performance curve estimates across 669 studies. 670 Schoville et al. (2012) examined genetically determined differences in the 671 transcriptomic response to acute heat stress between the SD and SC populations of T. 672 californicus. Both the strongest response and largest difference between the two 673 populations was the extent to which heat shock protein genes were induced following 674 heat stress. Particularly for hspb1 and hsp70, heat shock protein mRNA expression was 675 increased to much higher levels in the warm-adapted SD population than in the relatively 676 cold-adapted SC population. As heat shock proteins are molecular chaperones that 677 mitigate the negative effects of high temperature due to damaged and unfolded proteins 678 (Hochachka and Somero, 2002) , these transcriptomic patterns suggest that differences in 679 heat shock protein expression may contribute to the difference in upper thermal tolerance 680 between the SD and SC populations. The evidence for a correlation between high heat 681 shock protein expression and increased tolerance of high temperatures is somewhat 682 this gene directly decreases survivorship following acute thermal stress. Therefore, the 690 increased inductions of hspb1 and hsp70 we observed in SD and BR copepods held at 691 25°C compared to those held at 20°C are likely beneficial effects of plasticity, and are 692 consistent with tolerance differences between these treatments. Part of this variation in 693 heat shock protein expression may be associated with the differences in recovery 694 temperatures in our study, as each developmental and acclimation treatment was 695 recovered at its holding temperature. However, in all cases, the fold difference in 696 expression between the 20 and 25°C copepods is greater than would be expected due to 697 thermodynamic effects on reaction rates alone. Taken together, our mechanistic results 698 indicate that both the extents to which ATP synthesis rates are maintained and to which 699 heat shock proteins are induced at high temperatures are elevated in T. californicus that 700 are developed and acclimated at 25°C compared to those that are developed and 701 acclimated at 20°C. Thus, these mechanisms that likely contribute to local thermal 702 adaptation of upper thermal tolerance in this species also may play a role in plastic effects 703 due to developmental temperatures. 704 705
Conclusion 706
The effects of environmental change on organisms ultimately depend on the 707 capacities to modulate key physiological traits to facilitate performance and persistence. 708
Phenotypic plasticity, adaptation and interactions between these processes all play 709 important roles in these responses (e.g., Kellermann and van Heerwaarden, 2019). Here 710 we show that interactive effects of phenotypic plasticity across life stages in the intertidal 711 copepod T. californicus also contribute to variation in upper thermal tolerance. These 712 effects may be particularly relevant for aquatic ectotherms as thermal tolerance limits 713 likely underlie geographic range limits in many of these species (Sunday et al., 2012; 714 Pinsky et al., 2019). Our results suggest that beneficial effects of developmental plasticity 715 with respect to environmental change have the potential to be overestimated if considered 716 without accounting for temperature variation in adulthood. Additionally, the data 717
presented here indicate that the mechanisms underlying these interactive effects (e.g., 718
shifts in the thermal performance curve for ATP synthesis and the regulation of heat 719 shock genes) are, at least to some extent, shared with the mechanisms associated with 720 local thermal adaptation in T. californicus. This mechanistic overlap highlights the 721 potential for interactions among local adaptation and plasticity at difference life stages to 722 shape variation in upper thermal tolerance in ectothermic organisms. 723 724 
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